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Abstract 
Difficulties in estimating terrestrial ecosystem CO2 fluxes on regional scales have significantly limited our 
understanding of the global carbon cycle. We present a method of using tall-tower-based CO2 concentrations for 
estimating CO2 fluxes over a forested region. With long-term measurements of the CO2 mixing ratio at a 300-m-tall 
tower, regional CO2 fluxes were estimated for several months, from the first obtained data. Estimates of a monthly-
integrated surface CO2 flux over the region were obtained by the analysis of average gradients and estimates of the 
rate of vertical mixing between the atmospheric boundary layer (ABL) and the free troposphere.  
For the comparison of the ABL budget method and field measurements a zero-dimensional mathematical model of 
the ecosystem of Siberian boreal forests was used. The model is a system of ordinary differential equations with 
additional conditions superimposed on the parameters. The main occurring processes are described – photosynthesis, 
respiration, seasonal changes of active phytomass, water balance of trees, the influence of light, humidity, and 
temperature on photosynthesis and respiration. 
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1. Introduction 
It is well established that the level of atmospheric CO2, which directly influences the Earth’s 
temperature, depends critically on the rates of carbon uptake by the ocean and the land, which are also 
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dependent on climate [1]. Several independent lines of evidence indicate that there is a large and highly 
variable sink for atmospheric CO2 to terrestrial ecosystems at temperate latitudes of the Northern 
Hemisphere. The evidence includes the analysis of the spatial pattern of CO2 mixing ratios [2], 
interpretation of the global data set of 13C/12C (δ13C) in atmospheric CO2 [3], measurements of the 
atmospheric O2/N2 ratio [4, 5], direct observation of the net uptake of CO2 by many forest ecosystems 
throughout Europe and North America, and inventory estimates of carbon accumulation in terrestrial 
ecosystems. The accumulation of carbon by northern terrestrial ecosystems is consistent with an observed 
increase in the duration of the summertime draw-down of atmospheric CO2 at northern latitudes [6], and 
with satellite observations showing the increased length of the growing season and overall greening of 
northern lands [7]. Nevertheless, one still does not clearly understand which terrestrial systems are 
accumulating carbon and the processes substantially contributing to carbon uptake are not understood 
either. This information is urgently needed to develop strategies to effectively manage carbon 
sequestration by the terrestrial biosphere in order to slow the accumulation of CO2 in the atmosphere [8]. 
The estimates of annual CO2 exchange on a continental scale have been made using inverse model 
techniques [9]. These models all rely on the measurements of CO2 mixing ratios made primarily in remote 
marine locations and on the tops of mountains, which are rather insensitive to the exchange taking place 
on the continents. The result is that the inverse models that partition the terrestrial sink between the 
northern continental areas have had very large uncertainty bounds. Inversions give a very large spread 
over Europe (–0.9 to +0.2 GtC yr–1), and Northern Asia (–1.2 to +0.3 GtC yr–1) and a large spread over 
North America (–0.6 to –1.1 GtC yr–1) [1]. But partition of terrestrial sink between continents is very 
important for estimation the role of whole biosphere and future dynamics. So, there is a necessity for a 
more comprehensive and integrative consideration of all problems of carbon storage and dynamics. 
2. Biometric (balance) method of estimation parameters of carbon cycle in boreal forests 
Biometric (balance) method is a basis for the investigation of the carbon cycle in forest ecosystems. 
Forest ecosystems were considered as systems of two main blocks: “vegetation” and “soil”, which are 
interconnected by matter fluxes. Each block can be further divided into sub-blocks: aboveground and 
belowground biomass of trees and forest underwood, easily mineralized fraction of soil organic matter, 
and stable humus. The pool of organic matter inside these blocks is provided by the interaction of several 
fluxes: phytomass production, annual litterfall, decomposition of dead organic matter, removal of water-
soluble products of decomposition, mineralization and humification of plant residues, humus 
mineralization, etc. The storage of organic matter (tC ha−1) within the blocks and rate of main carbon 
fluxes (kgC ha−1 yr−1) are the basic characteristics of the carbon cycle. Net primary production (NPP), 
which represents C-input into the ecosystem, and heterotrophic respiration (Rh, or total mineralization 
flux), which represents C-output from ecosystems to the atmosphere, are two of key components of the 
terrestrial carbon cycle. The ratio of NPP and Rh reflects the relationship between these two key parts of 
the C-cycle – organic matter production and destruction – and is thus an important aspect of ecosystem 
functioning in the terrestrial biosphere as a whole. 
Investigations using this method were conducted during the years 2003-2006 on the left bank of Zotino 
polygon of the Yenisei transect (a north-south transect in the central Siberia oriented along the Yenisei 
River). The main types of vegetation here are lichen pine forests and green moss pine forests. The main 
parameters of the annual CO2 budget in this type of forests were determined on 8 sample sites near the 
river Dubches (60053' N, 89038' E). The plantations with the ages of 15-20, 50-55, 90-100 and 250 years 
are considered. They represent the diversity and age structure of lichen and green moss pine forests. A full 
description of the technique was yearly published [10-13]. 
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Carbon storage in the phytomass of pine forests is in the range 60.8-136.7 tC ha−1 for the green moss 
type and 13.8-117.8 tC ha−1 for lichen type. The main part (77-97%) is concentrated in wood pulp. Carbon 
storage in the soil is in the range 48-71 tC ha−1 and 30-62 tC ha−1 respectively in the green moss and 
lichen types.  
The rate of decomposing of phytodetritus was investigated by measuring the change of mass during 3-
year destruction process in the conditions of natural locality [14]. As a result of the experiment a constant 
of rate of the destruction was obtained, witch was used for the calculation of a CO2 flux from 
decomposing phytodetritus. Also, an experiment for measuring of the intensity of heterotrophic 
respiration was conducted with the definition of its influence on the formation of the main components of 
soil organic matter. Then, the two methods for the definition of heterotrophic respiration were compared 
and it was found that the estimations were in good agreement. 
The intensity of heterotrophic respiration in the conditions of green moss type of forest is 23-43% 
higher than in the lichen type. 87-98% of carbon flux to the atmosphere defined by decomposing of 
phytodetritus. The net ecosystem exchange is mostly defined by the age changes of the intensity 
production processes. The analysis of production-destruction in forests processes showed, that on 
investigated territory ecosystems may function not only as a sink of carbon, but also as a source. Among 
the green moss pine forests the maximal sink of CO2 is in young and middle age plantations, in the 
overmature forests the intensity of production and destruction are nearly equal. Among the lichen pine 
forests middle age plantations are the sink of atmospheric CO2, but young and overmature forests are the 
source of CO2 to atmosphere. 
3. Atmospheric boundary layer budget method 
This method focuses on the convectively dominated atmosphere boundary layer (ABL), which 
develops under the conditions typical of stable, anticyclonic weather – clear skies, high solar radiation and 
light winds. It was showed [15] that monthly averaging of CO2 concentration measured in the well-mixed 
region of the atmospheric boundary layer from a 400 m tower revealed consistent standing differences of 
several ppm between the CO2 concentration of the ABL and that of the free troposphere above. They 
showed that very reasonable estimates of the monthly-integrated surface CO2 flux over the region sampled 
by the WLEF television transmitter tower could be obtained by the analysis of these average gradients and 
estimates of the rate of vertical mixing of between the ABL and free troposphere. Similar approach was 
used for the investigation of the regional flux for four towers in the north hemisphere [16]. The ABL 
budget method focuses on the processes that influence the budget of CO2 in the continental atmosphere on 
monthly and seasonal time scales. Large and rapid changes in the CO2 mixing ratio at the towers are 
associated with the passage of synoptic weather systems which bring air of different histories to the sites 
[17]. Biogenic surface fluxes (NEE) are also affected by synoptic events. Here we are interested in the 
budget of CO2 on longer time and larger spatial scales so we form monthly means to average out 
variations on the synoptic time scale while preserving the seasonal cycles of NEE and mixing ratio. Here 
we used ABL budget method for estimating CO2 fluxes over a forested region using scalar concentrations 
measured on the tall-tower. 
4. Modeling of boreal forest ecosystem and comparison of methods  
We developed a zero-dimensional mathematical model of the ecosystem of Siberian boreal forests. The 
model is a system of ordinary differential equations with additional conditions superimposed on the 
parameters. In the model the main occurring processes are described – photosynthesis, respiration, 
seasonal changes of active phytomass, water balance of trees, the influence of light, humidity, and 
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temperature on photosynthesis and respiration. For the definition of parameters biometric field 
measurements and meteodata (annual and daily dynamics of temperature, light and humidity) from the 
database of The Russian Meteorological Agency were used (http://meteo.infospace.ru). These factors are 
the input parameters of the model influencing on the production rate of trees. By changing the type of the 
trees and input climatic parameters one can obtain the calculation of CO2 balance dynamics for any point 
in the boreal forests of Siberia. Model was verified by data obtained by biometric method for 2003-2006 
years and used for estimating CO2 fluxes in the Zotino site.  
The boundary layer budget method allows us to use CO2 mixing ratio measurements from the tower 
sites to estimate the monthly average regional surface flux of CO2. For the comparison of the ABL budget 
method and field measurements a zero-dimensional mathematical model of the ecosystem of Siberian 
boreal forests was used. The monthly average regional surface fluxes of CO2 obtained by the ABL budget 
method and by the model of boreal forests for forests of different ages were compared (Fig. 1). 
 
 
 
 
 
 
 
 
Fig. 1. Sink of CO2 during the summer months of 2009 according to different methods. 1, 2. 3 – the estimations by the model of 
boreal forest for forests with the ages of 20, 55 and 90 years. 4 – the estimation by the ABL budget method. 
Carbon fluxes from the area about 100 km2, which are estimated by ABL budget method and by 
mathematical model of boreal forest, represent a quiet large part of this ecosystem, excluding effects of 
local inhomogeneities. So, it is possible to make extrapolations of obtained estimates on boreal zone.  
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